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ABSTRACT 



Multi-fragment decays of ^^^Xe, ^^^Au, and ^^^U projectiles in collisions with Be, C, 
Al, Cu, In, Au, and U targets at energies between E/A = 400 MeV and 1000 MeV have 
been studied with the ALADIN forward-spectrometer at SIS. By adding an array of 84 Si- 
CsI(Tl) telescopes the solid-angle coverage of the setup was extended to Oiab — 16°. This 
permitted the complete detection of fragments from the projectile-spectator source. 

The dominant feature of the systematic set of data is the Zbound universality that is 
obeyed by the fragment multiplicities and correlations. These observables are invariant 
with respect to the entrance channel if plotted as a function of Zbound, where Z^jound is 
the sum of the atomic numbers Zi of all projectile fragments with Zi > 2. No significant 
dependence on the bombarding energy nor on the target mass is observed. The dependence 
of the fragment multiplicity on the projectile mass follows a linear scaling law. 

The reasons for and the limits of the observed universality of spectator fragmentation 
are explored within the realm of the available data and with model studies. It is found 
that the universal properties should persist up to much higher bombarding energies than 
explored in this work and that they are consistent with universal features exhibited by the 
intranuclear cascade and statistical multifragmentation models. 



Keywords: ^^^Xe, ^^^Au, ^s^U projectiles. Be, C, Al, Cu, In, Au, U targets, E/A = 400, 
600, 800, 1000 MeV; measured fragment cross sections, fragment charge, charge asymme- 
tries and correlations; analysis using intranuclear cascade and statistical multifragmenta- 
tion models. 



PACS numbers: 25.70.Mn, 25.70.Pq, 25.75.-q 



1 Introduction 



The apparent absence of dynamical dependences is the perhaps most prominent feature 
of the multi-fragment decay of excited spectator nuclei. In the first experiments with the 
ALADIN spectrometer, performed with ^^^Au beams oi E/A = 600 MeV, it has manifested 
itself as an invariance of the observed patterns of projectile fragmentation with respect to 
the chosen target [1-3]. The mean number of projectile fragments produced as well as other 
observables characterizing the populated partition space were found to be the same for all 
targets, ranging from carbon to lead, if they were plotted as a function of Zbound- The 
quantity Zbound is defined as the sum of the atomic numbers Zi of all projectile fragments 
with Zi > 2. It represents the charge of the spectator system reduced by the number of 
hydrogen isotopes emitted during its decay. 

It is easy to argue that Z^ound may, rather directly, reflect the energy transfer to the 
excited spectator system. The removal of nucleons in the initial excitation stage of the 
reaction and the release of hydrogen isotopes during the subsequent deexcitation are both 
correlated with the energy transfer. Larger energy transfers correspond to smaller values 
of Zbound- The observed target invariance hence suggests that the energy transfer to the 
projectile spectator is the primary quantity governing its decay. 

These characteristics represent, at least, an indication that statistical equilibrium is 
attained prior to the fragmentation stages of the reaction. In fact, statistical models were 
found to be quite successful in describing the measured fragment yields and correlations, 
provided that emission from an expanded breakup state was assumed [4-9]. Very recently, 
a near perfect description of the experimental charge correlations measured for the reaction 
^^''Au on Cu at E/A = 600 MeV, including their dispersions around the mean behavior, 
was achieved with the statistical multifragmentation model [|10[. This comparison was 
made on an absolute scale, apart from an overall normalization constant which relates the 
number of model events to the measured cross section. 

Intriguingly, the fragment-charge correlations from these first experiments were also re- 
produced to high accuracy with a variety of other models, such as site-bond-percolation [Q, 
classical-cluster formation |n], fragmentation-inactivation binary \T2\, and restructured- 
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aggregation models [|T^. Some of these models are of a predominantly mathematical na- 
ture, have very few parameters, and do not contain any of the nuclear physics input on 
which the statistical models are based. Some exhibit critical behavior in the limit of an 
infinite number of constituents. It will be an interesting task to identify the underlying 
symmetries, apparently common to all of these models, and to study their relation to the 
universal properties of the fragment decay of excited nuclei []T1| . 



The question of equilibration in the multi-fragment decay of excited spectator systems 
is of highest interest. Multifragmentation has been considered a manifestation of the liquid- 
gas phase transition in finite systems. The pursuit of this challenging problem (see, e.g. [15- 
17] and references given therein) will profit from the study of equilibrated systems that may 
be characterized by a few global variables such as mass, excitation energy, and temperature. 
The correlation of energy transfer and Zbound opens the possibility to experimentally control 



the former quantity by selecting on the latter [|T^ . 

The present work was performed in order to further establish the validity of the ob- 
served universality and to search for its possible limits. The multi-fragment decay of heavy 
projectiles was explored over a wider range of projectiles and targets and within the regime 
of relativistic bombarding energies between 400 and 1000 MeV per nucleon. For these new 
experiments, the ALADIN spectrometer has been upgraded by installing a new tracking 
detector TP-MUSIC III, by enlarging the time-of-fiight wall behind it, and by mounting a 
new Si-CsI(Tl) hodoscope which provided good coverage of the solid-angle adjacent to the 
entrance of the spectrometer. In the data analysis, a consistent definition of the projectile- 
spectator source was adopted prior to comparing results from different reactions. 

It was found that, within the realm of the present investigation, the universality of 
spectator fragmentation holds to very high accuracy. This includes the fragmentation of 
different projectiles if a linear scaling in proportion to their masses is applied to the data. In 
the following sections the experimental method and the obtained results will be presented 
in detail. The subsequent discussion will include comparisons to other data, some taken 
at much higher bombarding energies, and a search for related universal features within the 
intranuclear cascade and statistical multifragmentation models. 
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2 Experimental method 



The experiments were performed at the heavy- ion synchrotron SIS of the GSI Darmstadt. 
Beams of ^^^Xe at E/A = 600 MeV incident energy, of ^^^Au at E/A = 400, 600, 800, and 
1000 MeV, and of ^^^U at E/A = 600 and 1000 MeV were used. Their intensities were of 
the order of a few thousand particles per second over spill lengths of several seconds. The 
areal densities of the targets made from Be, C, Al, Cu, In, Au and U were 190, 200, 390, 
420, 800, 480, and 480 mg/cm^, respectively, and corresponded to interaction probabilities 
between ^ 0.7% and 3.9%. Complete sets of targets were bombarded with the ^^'^Au beams 
(Be through Au) and with the ^ss-q ^g^ms (Be through U) at energies E/A = 600 and 1000 
MeV. Only selected targets were used with the ^^^Xe beam and with the ^^'^Au beams of 
E/A = 400 and 800 MeV. 

A schematic layout of the experimental setup is shown in fig. ^ For each beam particle, 
its arrival time and its position in the plane perpendicular to the beam direction were mea- 
sured upstream of the target with two thin plastic scintillators. Their effective thicknesses 
were 110 /im and 50 /im. The geometric acceptance of the spectrometer of 6iab ~ ±9.2° 
horizontally and ±4.3° vertically was matched by the dimensions of the new multiple sam- 
pling ionization chamber TP-MUSIC III and by the extended time-of-flight (TOF) wall. 
At E/A = 1000 MeV, these detector systems permitted the detection of close to 100% of 
all projectile fragments with atomic number Z > 2. At the lower bombarding energies, 
the angular distributions of some lighter fragments extended beyond the acceptance of the 
spectrometer but stayed within the acceptance of the Si-CsI(Tl) hodoscope array that sur- 
rounded the entrance to the field gap of the magnet. For very light fragments, up to Z ^ 
4, the emissions from the projectile and mid-rapidity sources are not clearly separated in 
momentum space. Therefore, a consistent definition of the projectile spectator source had 
to be adopted for the data analysis. This will be described in section 3.1. 

The atomic numbers Z and the velocities of nuclear fragments were determined with 
the TOF wall, located at the end of the ALADIN spectrometer and extending over 2.4 m in 
horizontal and 1.0 m in vertical directions. It consisted of two layers of vertically mounted 
scintillator strips of 2.5 cm width and 1.0 cm thickness, viewed by photomultiplier tubes at 
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Figure 1: Cross sectional view of the ALADIN facility. The beam enters from the 
left and is monitored by two beam detectors before reaching the target. Projectile 
fragments entering into the acceptance of the magnet are tracked and identified in the 
TP-MUSIC III detector and in the time-of-flight (TOF) wall. The Central Plastic 
detector covers the hole in the TOF wall at the exit for the beam. Fragments and 
particles emitted in forward directions outside the magnet acceptance and up to 9iab = 
16° are detected in the Si-Csl array. Neutrons emitted in directions close to 0° are 
detected with the large-area neutron detector (LAND). The dashed line indicates the 
direction of the incident beam. The dash- dotted line represents the trajectory of 
beam particles after they were deflected by an angle of 7.3°. The Miniball/Miniwall 
detector system used at E/A = 400 MeV is not shown. 
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both ends 0. The two layers were offset by half a width with respect to each other. The 
primary beam was directed through a hole of 4.8 x 6.0 cm^ cut into the middle sections 
of the central slats. The upper and lower halves of these central slats were optically 
connected by a hollow light guide built from aluminized mylar foil. The discriminator 
threshold was set to be below Z = 2 particles. For the time-of-flight calibration, primary 
beams of reduced intensity were swept across the wall with the Aladin magnet. By inducing 
fragmentation reactions in a thick aluminum target positioned immediately in front of the 
wall the response to fragments of different Z was determined. A resolution of about 400 
ps and 180 ps (FWHM) for fragments of Z = 2 and Z ^ Zp, respectively, was achieved 
{Zp denotes the atomic number of the projectile). These values include the systematic 
uncertainty of the calibration. The intrinsic time-of-flight resolution measured for beam 
particles was 120 ps. 

The algorithm used for fragment identification in the TOF-wall analysis took into ac- 
count that fragments may pass into the narrow gap between adjacent slats in one of the 
two layers of the wall and that heavy fragments are accompanied by a considerable num- 
ber of 5-rays. The identification spectrum for the TOF-wall detectors was obtained by 
projecting along the ridges of constant Z in two-dimensional maps of the measured pulse 
height versus time of flight. Elements with Z < 15 were resolved individually. For heavier 
fragments the resolution assumed values of up to AZ ^1.5 (FWHM). For this analysis, 
the TP-MUSIC III detector, capable of identifying the individual elements for Z > 8 with 
a resolution between AZ ^ 0.8 (FWHM, Z ^ 20) and AZ ^ 0.4 (Z ^ 60), served to 
calibrate the charge response of the TOF wall. The main purpose of the TP-MUSIC, in 
these experiments, was to provide the tracking information for other analyses that involved 
the fragment momenta. The dynamic range for tracking had been extended down to Z = 
2 by using gas amplification over part of the length of the detector which permitted the 



measurement of isotopic yield ratios of light fragments |17]. The high charge resolution 
of the TP-MUSIC was essential for the analysis of fission decays in experiments with the 
uranium beams [18-20]. 

The Z resolution achieved with the two detector systems after off-line calibration is 
demonstrated in fig. 0. A good separation oi Z = 2 and 3 fragments was crucial for the 
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Figure 2: Z -identification spectra measured with the TOF wall (top) and the TP- 
MUSIC (bottom) for the reaction ^^'^ Au on ^^Mn at E/A = 600 MeV. The Z in- 
formation from the TP-MUSIC was used to calibrate the response of the TOF wall 
in the region Z > 15. Note that the element yield at Z > 65 is affected by the 
experimental trigger. 

Insert: Low-Z part of the TOF-wall spectrum. The dashed line indicates the equiv- 
alent sharp cut which was used for selecting fragments with Z > 3. 
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reliable determination of the multiplicity of intermediate- mass fragments with Z > 3. 
Therefore, the Z = 2 and 3 distributions in the Z-identification spectrum were fitted 
individually and, after evaluation of their overlapping tails, the position of an equivalent 
sharp Z-cut was determined (fig. 2, insert). 

The Si-CsI(Tl) hodoscope was positioned 60 cm downstream from the target and cov- 
ered the solid angle surrounding the spectrometer acceptance up to angles 9iab ~ 16°. Its 
84 telescope modules were mounted in close geometry. Each detector consisted of a 300-/im 
Si detector followed by a 6-cm long CsI(Tl) detector which was viewed by a 1-cm^ photo- 
diode from the end face. The active area of each detector was 30 x 30 mm^; the solid- angle 
coverage of the hodoscope with respect to the subtended solid angle, i.e. not counting 
the central rectangular opening, amounted to 85%. Light fragments with approximately 
beam velocity were not stopped by the telescopes. For these particles, the identification 
had to be based on the two-fold measurement of their energy loss. The peaks caused by 
fast hydrogen, helium, and lithium ions are clearly visible in the identification spectrum 
obtained from a weighted sum of the two AE measurements with the hodoscope detectors 
(fig- i- 

For the actual analysis, gates were set in the two-dimensional AEi versus AE2 spectra 
which permitted the identification of stopped fragments and a more efficient suppression of 
background. The yield of fragments with Z > 3, selected in this way, is given by the dark- 
shaded distribution shown in fig. |^. The insert shows the distribution of these fragments, 
mostly lithium, across the solid angle subtended by the hodoscope for the reaction ^^^Au 
on ^^''Au at E/A = 600 MeV. Each square represents a detector element, with its area 
being proportional to the number of detected fragments. The circle indicates the angular 
limit up to which fragments were considered as belonging to the spectator source at this 
incident energy (see section 3.1). 

For the runs at 600, 800, and 1000 MeV per nucleon, a 5-mm thick central plastic 
detector with light-fiber readout was installed behind the central hole of the TOF wall. It 
served for the detection of the primary beam particles and of projectile fragments emitted 
along directions close to that of the beam, and for their identification according to the 
measured energy-loss signal. The large-area neutron detector LAND was positioned close 
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600 AMeV Au + Au 




Figure 3: Z -identification spectrum, obtained from a weighted sum of the two energy-loss 
measurements with the Si-CsI(Tl) telescopes of the hodoscope for the reaction Au on 
^'^'^ Au at E/A = 600 MeV. Intermediate-mass fragments of Z > 3, as identified in the 
two-dimensional energy-loss spectrum, are represented by the dark-shaded distribution. 
Insert: Distribution of intermediate-mass fragments across the solid angle subtended by 
the hodoscope detectors. Each square represents a telescope module with its area being 
proportional to the detected fragment yield. The circle is meant to illustrate that six 
hodoscope detectors are within the angular limit of the spectator source at this incident 
energy. 

to zero degrees with respect to the incident beam direction and operated in a calorimetric 
mode. First results obtained from the measurement of coincident neutrons with LAND have 
been reported elsewhere [p!7| , The experiment at 400 MeV per nucleon was performed 
with the Miniball/Miniwall installed around the target. This detector system covered 
the angular range from 9iab = 14.5° to 9iab = 160° and, together with the Si-CsI(Tl) 
hodoscope, provided an efficient 4-7r multi-particle detection capability. Results from the 
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coincident detection of fragments from the target and projectile spectators and from the 
mid-rapidity source are given in ref. For the present study of the projectile spectator, 
the increased coverage of the mid-rapidity emission by the Miniball/Miniwall detectors 
permitted a good event selection according to multiplicity. This was particularly useful as 
the central plastic detector was not in operation at this energy. Peripheral events with a 
small apparent Zbound, due to the escape of a heavy projectile residue through the central 
hole of the TOF wall, were identified by their small associated multiplicity. 

The on-line trigger condition consisted of the logical product of the requirements of 
a beam particle in the start detector, no fragment with Z close to that of the beam in 
the central plastic detector or in the central part of the TOF wall, and the detection 
of at least one particle with the Si-CsI(Tl) hodoscope. It had the effect of suppressing 
the most peripheral interactions except those leading to binary fission. For the present 
study of multi-fragment production, the peripheral fission events which may have large 
cross sections, in particular for the case of ^^^\J projectiles |18|, were suppressed off-line. 
In the experiment with the ^^^Au beam of 400 MeV per nucleon, a beam particle in the 
start detector and a minimum of one particle detected with the Miniball/Miniwall or 
the Si-CsI(Tl) hodoscope were required. Scaled down events with less restrictive trigger 
conditions, including beam events triggered only by the beam detectors, were recorded for 
normalization. 

Absolute cross sections were determined by normalizing the measured event rate with 
respect to the thickness of the target and the rate of incoming beam particles. The error 
of the normalization, dominated by the uncertainty of the areal density of the targets, 
is between 1% and 5%. The uncertainties of the measured fragment multiplicities and 
correlations will be discussed in section 3.3. 



3 Experimental results 

3.1 Spectator source 

The ALADIN spectrometer has been designed for optimum acceptance of projectile 
fragments which are emitted in forward directions. However, the effect of forward focussing 



9 



by the reaction kinematics is a function of the projectile velocity and changes with changing 
bombarding energy. We have therefore studied the extension of the projectile-spectator 
source in rapidity y and in transverse momentum pt, both experimentally and with model 
calculations. 

Rapidity spectra of light fragments detected with the TOF wall in the reaction ^^"^Au 
on ^^^Au at E/A = 1000 MeV are shown in fig. |^. The distributions are concentrated 
around a rapidity value very close to the beam rapidity and become increasingly narrower 
with increasing mass of the fragment. The deviation of the most probable rapidity y = 
1.32 of light fragments (full line in fig. ^) from the rapidity yp = 1.35 of the beam, after it 
has passed through half of the Au target, is within the uncertainty of the absolute time- 
of-flight calibration. For the lighter fragments, the distributions are wider and extend into 
the mid-rapidity region. The widths and shapes of the distributions also depend on the 
impact parameter, as demonstrated for helium fragments in the two lower panels of fig. ^. 
Both the dispersion around the projectile rapidity and the relative intensity at mid-rapidity 
increase with increasing centrality. 

The bump in the peripheral He spectrum, located at a rapidity y between 0.8 and 0.9, 
originates from mid-rapidity emission. This was confirmed by simulating the emission with 
two Maxwellian sources centered at projectile rapidity and at mid-rapidity. The restriction 
of the acceptance to forward angles causes the maximum of the observed mid-rapidity yield 
to appear at this somewhat larger rapidity. For this reason, the two sources can only be 
discerned in the peripheral collisions with lower emission temperatures. In more central 
collisions, the mid-rapidity source no longer produces an identifiable bump in the rapidity 
spectrum. Indications of a mid-rapidity source are only observed for light fragments up 
to Z ^ A (fig. ^, top), in agreement with the rapid drop of the element yields in central 
collisions at relativistic bombarding energies p4| . 

Guided by these observations, we chose a lower limit in rapidity oiy > 0.75-yp where yp 
is the projectile rapidity, so as to define the spectator source. This condition was applied to 
fragments detected with the TOF wall. For those detected with the hodoscope, for which 
an equivalent time-of- flight information does not exist, angular limits were set with the 
same purpose of selecting the spectator source. They are motivated and described below. 
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Figure 4: (a): Rapidity spectra measured in the reaction ^^'^^Au on ^^"^Au at E/A = 
1000 MeV for fragments with Z = 2, 3, 4, and 6. The solid and dashed lines indicate 
the measured most probable rapidity y — 1.32 of the light fragments and the condition 
y > 0.75 • yp adopted for fragments from the projectile spectator, respectively. 

(b) : Rapidity spectra of helium fragments, measured in central collisions (Zbound < 
30) for the same reaction. 

(c) : Same as (b) for peripheral collisions (Zbound > 50). 
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Figure 5: Widths of the transverse-momentum distributions cr{pt) as a function of 
Z for the reactions ^^'^ Au on ^^'^ Au at E/A = 600, 800, and 1000 MeV and for 20 
< Zjjound ^ 60. The line is proportional to \fZ . 



Transverse momentum distributions were constructed from the vertical position distri- 
butions of fragments measured with the TOF wall. The vertical coordinate is perpendicular 
to the bending plane of the magnet. In fig. ^ we show the widths 

ai^pt) ^ V2 ■ (x{ry/L) ■ A ■ pp/Ap (1) 

as a function of Z for the reactions ^^^Au on ^^^Au at E/A = 600, 800, and 1000 MeV. 
Here Vy/L is the ratio of the vertical position Vy of a fragment to the length L of the flight 
path and a{ry/L) is the width of the distribution as obtained by Gaussian fitting. The 
length L was approximated by using the nominal trajectory, starting at the target with 6iab 
= 0°, to the particular slat of the TOF wall that was hit. A is the mass number assumed 
for fragments with a given Z, pp and Ap are the momentum and the mass number of the 



projectile. We have used A = 2-Z for Z < 10 and the EFAX parameterization ||2^ for 
heavier fragments. 
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The widths ^{pt) rise approximately in proportion to a/Z, i.e. the mean transverse 
energies are independent of Z which is expected for emission from an equihbrated source 
(see section 3.5). It is, furthermore, evident that the transverse momentum distributions 
of the emitted projectile fragments do virtually not change with the bombarding energy. 
There are no indications of any dynamical contributions to the fragment velocities in the 
moving frame which could be related to the incident energy. Therefore, in order to select 
the spectator source, upper limits of the laboratory angle were imposed on the hodoscope 
data that were inversely proportional to the projectile momentum per nucleon. The same 
limits were used for all three projectiles because the dependence of the pt distributions on 
the projectile mass was found to be insignificant for the light fragments. 

At 1000 MeV per nucleon, the adopted angular limit coincides with the vertical accep- 
tance of the ALADIN magnet of 6iab = ±4.3°. For the helium isotopes, this corresponds 
to the condition \py\ < 2cr{py) where cr{py) is the width of the transverse momentum dis- 
tribution in vertical direction. At the lower incident energies 800, 600, and 400 MeV per 
nucleon, the resulting angular limits are 9iab = 5.0°, 6.0°, and 7.7°, respectively. Con- 
sequently, the fragment yields detected with the corresponding central detectors of the 
Si-CsI(Tl) telescope array were counted as belonging to the projectile spectator. At 600 
MeV per nucleon, this included six detectors, as illustrated in fig. ^ (insert). They con- 
tributed about 10% of the fragment yield at this energy, mostly very light fragments with 
Z = 3 and above. 

3.2 Charge correlations for ^^^Au -|- ^^"^Au 

With the definitions of the spectator source in rapidity and angle, as given in the pre- 
vious section, the fragmentation patterns in ^^''Au on ^^^Au collisions were studied. Fig- 
ure ^ shows the correlation between the mean multiplicity of intermediate-mass fragments 
(Mjmf) and Zbound for the four bombarding energies. Here intermediate-mass fragments 
(IMF's) were selected according to the definition 3 < Z < 30. The familiar rise and fall 
of the fragment production is seen to be independent of the projectile energy within the 
experimental accuracy. The invariance with respect to the target, as observed earlier [1- 
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Figure 6: Mean multiplicity of intermediate-mass fragments (Mjmf) a function 
ofZbound for the reaction ^^'^ Au on Au at E/A = 4OO, 600, 800, and 1000 MeV. 



3] and discussed further in section 3.4, is thus complemented by an invariance over the 
range of bombarding energies studied in the present experiment . At Zhound ~ 40 the mean 
multiphcity (Mjmf) reaches its maximum of 4 to 4.5. Due to the enlargement of the spec- 
trometer acceptance and the chosen source definition, this value exceeds the one reported 
earlier [1-4] by one half to one unit. For the same reason, the position of the maximum is 
shifted to a slightly larger value of Zbound- 

The definition of the spectator source is most crucial for the multiplicities of the lightest 
projectile fragments such as helium, lithium, and beryllium nuclei. Heavier fragments are 
more strongly localized in velocity space (cf. figs. ^ and Figure ^ shows the mean 
multiplicities (Mz) for several light elements as a function of Zbound for the incident energy 
1000 MeV per nucleon. The present analysis yields a maximum of 4.5 helium nuclei near 
Zbound = 30 whereas, with the acceptance of the TOF wall in the previous experiment at 
600 MeV per nucleon, only about 3.5 helium nuclei were detected at the maximum |llO| . 
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1000 AMeV Au + Au 




bound 

Figure 7: Mean values of the multiplicities (Mz) for selected elements as a function 
of Zfyound for the reaction ^^''^Au on ^^'^'^Au at E/A = 1000 MeV. The dashed lines 
mark the value Zhound = 30 where (M2) assumes its maximum. 



Lithium is by far the most abundant element in the range of fragments with intermediate 
mass. Its maximum multiphcity is 1.6 at Z bound = 35. With increasing Z the maxima of 
the multiphcity distributions continue to shift to larger values of Zhound- For elements up 
to Z = 10 this is shown in fig. |^. 

The invariance with respect to the bombarding energy also holds for other charge 
correlations that have been found useful to characterize the population of the partition 
space in the fragmentation process 0. Six of these observables, as measured at the four 
bombarding energies, are given in fig. || as a function of Z^ound- They include the mean 
values of the maximum fragment charge Z^ax of the event and of three asymmetry variables. 
The latter are the charge asymmetry = {Zmax — Z'l) j {Zmax^ Z'l) between the two largest 
fragments, the charge asymmetry 023 = {Z2 — Z^^jiZ^ + Z-^ between the second and third 
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Figure 8: Six charge-correlation observables as a function of Z},ound for the reaction 

^^'^Au on ^^'^Au. The comparison is made for the four incident energies E/A = 4OO, 
600, 800, and 1000 MeV in the top four panels and for three incident energies E/A 
= 600, 800, and 1000 MeV in the two bottom panels. The definitions are given in 
the text, the symbols have the same meaning as in fig. 6. 
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largest fragment, and the three- fragment charge asymmetry 



, .z^ma. - {z)Y + {z, - {z)f + (Z3 - {z)y 

Vq-{z) ^' 

where 

(Z) = i ■ {Zma. + Z2 + Z3) (3) 

denotes the mean value of the three largest atomic numbers. The quantity 03 assumes 
values near one when the partition is dominated by one heavy residue (large Z^ax) and 
a value of zero when the three fragments are of equal size. Events containing at least 
two fragments with Z > 2 were selected for (012), and events containing at least three 
fragments with Z >2 were selected for (023) and (03). 

The mean value of the normalized width of the fragment-charge distribution 

^, = l + a\Z)/{Zf (4) 

peaks at Zbound = 55 which is slightly larger than reported previously for the reasons 
given above (fig. ||, middle, left). The Z spectra measured for given bins of Zbound were 
fitted with power-law functions ct(Z) oc Z~'^ over the range of intermediate-mass fragments. 
The resulting r values (fig. ^ bottom, left) reach a minimum of r = 2.0 in the Ztound range 
of 45 to 50. The characteristic dependence on the centrality of the collision is in good 
agreement with the results reported earlier |^. 

Once more, we emphasize the striking invariance of the partition patterns with the 
incident energy as evident from figs. |^ and Although not specifically demonstrated in 
fig. 1^, it is also valid for the mean multiplicities of the individual elements. 

3.3 Accuracy of mean fragment multiplicity 

The attainment of a maximum of relative accuracy in the measurements at different 
bombarding energies was one of the motivations for adopting a common definition of the 
spectator source. The absolute accuracy of the measured fragment multiplicities and charge 
correlations is influenced by several experimental effects. They will be listed and discussed 
in the following where we will focus on the maximum value of the {Mjmf) versus Z^ound 
correlation. 
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The upstream beam detectors, made of plastic scintillator foils with a resultant thickness 
of together 160 //m, represented a target of about 2-10~^ interaction probabihty (not taking 
into account the hydrogen content). Coincident interactions of a beam particle in the 
scintillator foils and in the target are negligible. However, interactions in the scintillators 
may potentially lead to a valid trigger, although the trigger probability is relatively small 
due to the reduced solid angle subtended by the hodoscope with respect to the beam 
detectors. The recorded fragment multiplicities of these events, as a function of the recorded 
Zbound, is slightly lower than that of reactions in the target, again due to the reduced solid 
angle. Prom analyzing data sets taken without a target, we find that the contamination 
caused by fragmentation reactions in the scintillator foils is indeed negligible. For the Au 
and U targets, since their interaction probabilities are the lowest, the relative contamination 
is the largest. Even in these cases, the contamination causes a reduction of the maximum 
mean multiplicity of only about 0.05 to 0.2 units, somewhat depending on the bombarding 
energy. 

Secondary interactions within the target may change the fragment multiplicity on the 
percent level. The probability is largest for the lighter targets because of their larger 
interaction probability (up to 3.9%) but more violent interactions may occur in the heavier 
targets. The geometric acceptance of the Si-CsI(Tl) hodoscope relative to the subtended 
solid angle was 85%. The corresponding loss of light fragments, at the lower bombarding 
energies, can reach 0.1 units at the maximum. With the given detector geometry and 
adopted limit in rapidity (section 3.1) there was no dead area between the acceptances of 
the hodoscope and of the ALADIN magnet with the TOF wall. 

Interactions with the pressure window (80-mg/cm^ arcal density, corresponding to 
about 1% interaction probability for heavy and less for lighter fragments) and with the 
counting gas behind the magnet may lead to additional secondary fragmentations of pro- 
duced fragments, thereby causing both gains and losses in the number of intermediate-mass 
fragments. Finally, the remaining inefficiencies of the algorithms used for the TOF-wall 
analysis may lead to a misidentifications of fragments if secondary interactions within the 
wall are not recognized or double hits are not resolved. These effects may produce errors 
of different sign. 
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The estimate of the overall systematic uncertainty of the maximum mean fragment 
multiplicity yielded A{Mimf) = ± 0.2 (standard deviation). At the lower bombarding 
energies, caused by the fragment detection with the Si-CsI(Tl) hodoscope, the upper limit 
of the uncertainty increases up to A{Mimf) = +0.4. 

3.4 Dependence on projectile and target mass 

The {Mjmf) versus Zhound correlation depends on the mass of the projectile. The results 
obtained with the three projectiles ^^^Xe, ^^''Au, and ^38^ qqq MeV per nucleon show 
that, on the absolute scale, more fragments are produced in the decay of heavier projectiles 
(Fig. ^ left-hand side). However, a normalization with respect to the atomic number Zp 
of the projectile reduces the three curves to a single universal relation (Fig. |^, right-hand 
side). Only TOF-wall data were used for this comparison as the pulse heights from the 
hodoscope were not recorded during the runs with the xenon beam. In addition, the upper 
limit of the Z range adopted for intermediate-mass fragments was changed from Z < 30 
to Z < Zp/3. This is meant to exclude fragments from binary-fission events. Since the 
elemental yields decrease rapidly with Z the exact location of this upper limit does not 
crucially affect this comparison of fragment multiplicities. 

The target invariance of the Mjmf versus Zf,ound correlation was first observed for 
collisions of ^^^Au projectiles with C, Al, Cu, and Pb targets at 600 MeV per nucleon [1-4]. 
In fig. ^ (top) the universal nature of this correlation is demonstrated for "^^^U projectiles 
at 1000 MeV per nucleon and for the full set of seven targets. With ^ss-q ^j^g maximum 
mean number of fragments {3 < Z < 30) is about five at Zhound = 50. The spread over 
one half unit may not be significant in view of the systematic errors discussed in the last 
section. However, a slight tendency towards smaller multiplicities for the heavier targets 
can be explained by the larger Coulomb deflection that is caused by these targets and its 
effect on the acceptance for the very light fragments p6|l . 

The reaction cross sections da/dZbound are strongly target dependent |Q |T0[- For ^^^U 
projectiles of 1000 MeV per nucleon this is shown in the lower part of fig. |10|. Only part 
of the Zbound range can be covered with the lighter targets. The variation of da/dZf,ound 
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Figure 9: Left panel: Mean multiplicity of intermediate-mass fragments {Mjmf)tof, 
observed with the TOF wall, as a function of Z^ound for the reactions U on ^^"^Au 
(circles), ^^'^Au on ^^'^Au (squares), and ^^^Xe on ^^'^Au (triangles) at E/A = 600 
MeV. Note that also in Zbound only fragments detected with the TOF wall are in- 
cluded. Right panel: The same data, as shown in the left panel, after normalizing 
both quantities with respect to the atomic number Zp of the projectile. 



with bombarding energy is insignificant for tlie collisions with heavy targets. There, the 
limit above which the spectator excitation is dominated by the collision geometry seems 
to be already reached. With the lighter targets, the higher bombarding energies allow for 
considerably larger energy transfers in central collisions. For ^^^Au on Be, this is demon- 
strated in fig. [n|. Collisions resulting in Zbound ~ 40 and maximum fragment multiplicity 
(cf. fig. 6) are initiated with significant probability only at 1000 MeV per nucleon. 



The same characteristic behavior is illustrated in an alternative way in fig. |I2|. Here the 
mean fragment multiplicities are given as a function of the impact parameter b for ^^^Au 
projectiles and four targets at three bombarding energies. The impact parameter b was 
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Figure 10: Top: Mean multiplicity of intermediate-mass fragments (Mjmf) (is a 
function of Zi,^und for the reactions of"^^^ U projectiles at E/A = 1000 MeV with the 
seven targets of Be, C, Al, Cu, In, Au, and U. Bottom: Measured cross sections 
da/dZbound for the reactions of'^^^U projectiles at E/A = 1000 MeV with the four 
targets of Be, Al, In, and U. Note that the experimental trigger, for the case of 
uranium beams, affected the cross sections for Z^ound ^ 
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Figure 11: Measured cross sections da/dZhound for the reaction ^^''^Au on Be at E/A 
= 400 (full line), 600 (dashed), and 1000 MeV (dotted). Note that the experimental 
trigger conditions, which were not identical at the three bombarding energies, start 
to affect the cross sections at Zhound between 60 and 10 (shaded area). 



derived by assuming that h is monotonically correlated with Zbound (see ref. for further 
details). With decreasing target mass the maximum fragment multiplicity is reached in 
more central collisions and the dependence on the bombarding energy increases. The data 
for the beryllium target, in particular, show that, at energies below 1000 MeV per nucleon, 
the spectators formed even in the most central collisions are not sufficiently excited to un- 
dergo a complete disassembly. The apparent decrease of {Mjmf) towards 6 = for the very 
light Be and C targets is more likely to be caused by autocorrelations than by the mean 
behavior at small impact parameter. The bins of smallest impact parameter correspond 
to very small cross sections and are filled with the tails of events with the smallest values 
of Zhound for which Mjmf is restricted by definition. This was verified by sorting the data 
measured at 400 MeV per nucleon according to the light particle multiplicity determined 
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Figure 12: Mean multiplicity of intermediate-mass fragments (Mimf) a function 
of the impact parameter h, as deduced from Zf,ound, for the reactions ^^"^yln on Be, 
C, Al, and Au at three energies E/A = 400 (circles), 600 (dots), and 1000 MeV 
(squares). 

with the Miniball/wall and Si-CsI(Tl) hodoscope. In the latter case no comparable de- 
crease is observed at the largest particle multiplicities. 

3.5 Decay dynamics 

The observed invariance of the transverse-momentum widths with respect to the bom- 
barding energy (fig. |^) indicates that the entrance-channel dynamics play a minor role for 
the decay of the excited spectator. An estimate of the mean kinetic energies of the pro- 
duced fragments in the moving frame was obtained in the following way: Event-by-event 
the vertical positions r^j of all fragments measured with the TOF wall were converted into 
transverse momenta Pyi according to 

Pyi = (ryi/Li) ■ Ai -pp/Ap (5) 
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Figure 13: Mean kinetic energies per nucleon in the moving frame, deduced from the 
transverse (circles) and longitudinal (squares) momentum widths as described in the 
text, for fragments from the reaction ^'^'^ Au on ^'^'^ Au at E/A = 600 MeV and for 20 

< Zbound < 60. 



Here the notation is the same as in eq. 1 with the additional subscript i denoting the 
fragment number within an event. With this information the center-of-mass motion of 
the decaying spectator in y direction and the intrinsic velocities of the fragments in this 
frame, in the y direction, were calculated. It was then assumed that the corresponding 
kinetic energies for one transverse degree of freedom represent one third of the total kinetic 
energies in the moving frame. Results for the reaction ^^^Au on ^^^Au at 600 MeV per 
nucleon, integrated over 20 < Zhound < 60, are given in fig. |13| (open circles). Because 
of the absence of a noticeable dependence on the bombarding energy (cf. fig. ^ they 
are representative for the whole energy range over which the universal spectator decay 
prevails. The assumption of dynamical equilibration over the three degrees of freedom was 
verified by using the measured velocities for the corresponding analysis in the longitudinal 
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direction. The result, given by the open squares in fig. 13, turned out to be identical, 
within the errors. 

The mean kinetic energies per unit fragment mass (i^fcm/^) decrease rapidly with 
atomic number Z . In the limit of purely thermal contributions to the kinetic energies, 
{Ekin/A) is expected to have a.l/A dependence which is approximately observed. How- 
ever, on the order of one half of the kinetic energies in the rest frame of the decaying 
system may originate from Coulomb repulsion and sequential decays of excited fragments 
p6| . With this assumption the magnitude of the kinetic temperature T = 2/3-l/2 - (-Efem) 



assumes a value of approximately 15 MeV. This exceeds considerably the emission tem- 
peratures T ^ 5 MeV derived from the relative isotopic abundances or from relative 
yields of particle unbound states |2^ which represents a well known but up to now not 
fully resolved problem [28-31]. Quantitatively, these values of the kinetic and the emission 
temperatures are in good agreement with those calculated by Bauer who assumes that 
the higher kinetic temperatures refiect the additional Fermi momenta of the constituent 
nucleons of a fragment Small collective contributions to the kinetic energies can also 



have large effects on the apparent temperatures [^, 0. On the other hand, the compar 
ison with central collisions of ^^''Au on ^^^Au at 100 MeV per nucleon, made in ref. p5| 



shows that, in the present case of spectator decay, the upper limit for possible dynamical 
contributions is rather small. The kinetic energies are thus predominantly indicative of a 
thermally driven breakup out of an expanded state. 



4 Discussion 

4.1 Fragmentation at high bombarding energies 

Exclusive fragmentation studies at high bombarding energies were performed by several 
groups [36-43]. The experiments using light projectiles of mass A < A confirm the finding 
that very high bombarding energies are needed in asymmetric systems in order to achieve 
the complete disassembly of a heavy spectator nucleus with large probability ||^, PB| . 
These data fit rather well into the observed variation of the maximum mean multiplicity 
in central collisions with light targets (section 3.4). 
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A schematic representation of this systematic behavior, for reactions of gold nuclei 
with partners of different mass, is given in fig. It includes the results obtained for 
^^''Au on ^^''Au at lower energies EH] and for ^^Kr on ^^"^Au ^M. The figure shows the 



relation between the bombarding energy that is needed in order to observe maximum 
fragment production in central collisions and the mass number of the collision partner. 
For the reactions studied in this work in reverse kinematics, these energies may be taken 
from fig. |T^: for ^^^Au on C, e.g., the maximum fragment multiplicity is not reached with 
600 but is easily reached with 1000 MeV per nucleon incident energy. In fact, already 
at 800 MeV per nucleon a considerable cross section is associated with a mean fragment 



multiplicity of ~ 4.5 (data not shown in fig. |T2D. 

The threshold energies of the other reactions were determined in a similar way. In 
the case of the ^He on ^^''Au reactions, a moderately complete excitation function is not 
available and the given value of 3.6 GeV per nucleon may represent an upper limit. At this 
energy the maximum of fragment production is reached, as has been argued on the basis 
of both the fragment multiplicity and the observation of a minimum in the r parameter 
describing the elemental yields [0]. Light-particle induced reactions at significantly lower 
energies are incapable of producing spectators at sufficiently high excitation. This is evident 
from the excitation energies of Ex/ A < 3 MeV for collisions of and ^He projectiles of 
2-GeV total energy with gold targets, deduced from neutron multiplicity measurements 
J^, and consistent with the relatively small mean fragment multiplicities reported for ^He 



on ^^^Au at 1.6 GeV per nucleon and ^He on ^^^Au at 1.0 GeV per nucleon |^^. For 
this latter group of reactions, the fragment multiplicity is still on the rising side where the 
partitions are characterized by one large fragment (large Zmax) and a correspondingly large 
first asymmetry au (cf. fig. |^). This is the regime of residue formation (fig. |l^). On the 
other hand, with collision partners of masses or energies exceeding the optimum values, the 
central collisions will lead to spectators of decreasing mass and to their disassembly into an 
increasingly larger number of light fragments and particles and, eventually, to vaporization 
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High charge resolution and full phase space coverage above the identification threshold 



of Z > 6 has been achieved with plastic nuclear track detectors [39, 46]. For a comparison 
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Figure 14: Mass number A of the collision partner versus bombarding energy for 
reactions of ^^'^Au nuclei for which maximum fragment production has been observed 
in central collisions. Full points denote reactions studied in this work in reverse 
kinematics, open symbols refer to work reported in pi, UJj. 



with the resuhs of the Siegen group , obtained at the Bevalac with Au beams in the 
range of 0.85 to 1 GeV per nucleon, a threshold oi Z > 6 was apphed to our data. The 
sorting variable Zf,ound was replaced by Zf,Q which represents the sum of the atomic numbers 
Zi of all fragments with Zi > 6. The correlation between the mean multiplicities (Mimfg) 



of fragments with Q < Z < 30 and Z^g is shown in fig. |T5|. A maximum of {Mjmfg) ~ 
2 is reached for Z^q between 20 and 30. The data measured with carbon targets in the 
two experiments agree quantitatively with each other within the quoted errors (cf. fig. |^ 
of ref. |3^). This mutually confirms the experimental and analysis techniques. The small 
reduction of (Mjmfg) with increasing mass of the target, reported by the Siegen group, 
is less pronounced in our data (figs. ^ and 15). The mean multiplicities (Mimfg) in the 
range 20 < ZbQ < 30 differ by 4% ± 2% for the C and Au targets. In fact, we find that the 
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Figure 15: Mean multiplicity (Mimfg) of intermediate-mass fragments with Z > 6 
as a function of the bound charge Z^^ (see text) for the reactions '^'^'^ Au on C, Al, 
and Au atE/A = 1000 MeV. 

invariance with respect to the target and with respect to the bombarding energy holds for 
arbitrary choices of a lower threshold in Z. This is true also for the correlation observables 
displayed in fig. |^. 

Emulsion targets were used by Jain and Singh in their study of the fragmentation of ^^Kr 
beams of 1.52 GeV per nucleon, performed at the Bevalac [|^. They observe a maximum 
multiplicity of {Mjmf) of 1.8 to 2.0. This corresponds to {Mjmf) / Zp = 0.053 which is in 
excellent agreement with the present results for Au and U beams (figs. 6 and 10), thus 
extending the invariance with respect to the bombarding energy and the projectile mass 
over a wider range. Note that the slightly lower multiplicities shown in fig. measured 
with the TOF wall at 600 MeV per nucleon incident energy, do not include the fragments 
detected with the hodoscope. 

In their work, performed at the AGS in Brookhaven, Jain et al. have studied the 
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fragmentation of ^^^Au projectiles at 10.6 GeV per nucleon |5T]. The fragment charges 
were deduced from 5-ray counts. The fragment multiphcities, charge asymmetries, and 
widths of the charge distributions at this high energy are very similar to those measured 
at 1 GeV per nucleon and below. Jain et al. show a comparison with the results reported 
by Hubele et al. 0, measured at 600 MeV per nucleon and with the acceptance given 
by the TOF wall of 1-m length. With the acceptance offered by the extended TOF wall 
and with the source definition adopted in the present work, the maximum of the {Mjmf) 
versus Z bound correlation is at Z hound = 40 which coincides with the result found at 10.6 
GeV per nucleon. However, the maximum number of intermediate-mass fragments of 3.5, 
as reported by Jain et al, is about one unit below the values obtained in the present work. 
The fragmentation of ^^^Au projectiles of 10.6 GeV per nucleon in collisions with emul- 



sion targets was also investigated by the KLMM Collaboration [|42| , In their more recent 
report these authors present a rather detailed comparison with the data of Hubele et 
al. and Kreutz et al. 0. Some of the conclusions are modified if the comparison is 
made with the new data of this work. We find that the correlations of Zmax with Zbound, 
measured at 10.6 GeV per nucleon and at < 1 GeV per nucleon, agree now perfectly. Good 
agreement is also observed for the charge variance (72) (eq. 4). However, the maximum 
value of {Mjmf) of 3.2, reached at Zbound ~ 45 and in good agreement with the data of 
ref. |^T|, is one unit lower than measured in this work. By comparing the multiplicities as 
a function of Z we have identified the difference as mainly occuring in the yields of very 
light fragments. A maximum mean multiplicity for 3 < Z < 6 of 1.8 is reported for 10.6 
GeV per nucleon while it is 3.0 in our data in the same Z range (cf. fig. |^). The difference 
in the maximum mean He multiplicity (6.5 at the higher and 4.5 at the lower bombarding 
energies) may be partly due to the rapidity limit applied in the present work (fig. It 
is not excluded, at present, that the differences may reflect a weak variation of the frag- 
mentation pattern with bombarding energy; on the other hand, emulsion data measured 



at 1 GeV per nucleon were shown to agree with those for 10.6 GeV per nucleon over 
a major part of the Zbound range |^ . 



The KLMM collaboration has reported Zbound distributions which are sorted individ- 
ually for reactions on the light (H, C, N, and O) and on the heavy constituents of the 
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emulsion target [Q. Qualitatively, the distribution for the light constituents decreases 
with decreasing Zbound in a similar way as the distributions for light targets in the present 
work. On the more quantitative level, however, the closest resemblance is with the dis- 
tribution measured for the ^^^Au on Al reaction at 1000 MeV per nucleon rather than 
the ^^'^Au on C reaction at this energy. This might be considered as another indication 
of the role of the bombarding energy in reaching large cross sections for high-multiplicity 
breakups in asymmetric systems. 

Towards higher bombarding energies, no limit for the universality of the spectator frag- 
mentation is known at present. Limiting fragmentation, i.e. a saturation of the production 
cross sections for intermediate-mass fragments at bombarding energies in excess of several 
GeV, has been observed [47-49]. It is also an experimentally established fact that the ele- 



mental distributions change very little at high bombarding energies ^] . This suggests 
that the cross sections for the formation of highly excited spectator nuclei may be rather 
weak functions of the bombarding energy in the GeV range. In a pure abrasion picture this 
is expected since the cross section and the excitation energy are mutually interrelated via 
their geometric dependence on the impact parameter |5^. On the other hand, it is known 



that the geometric abrasion model can only account for part of the excitation energy de- 
posited in the formed spectator nuclei [Q. The missing part is thought to be due to struck 
nucleons and secondary particles being scattered into the cold spectator matter. Some of 
these particles may be deltas and other nucleon resonances which carry additional energy. 
It is known from experiment that the cross sections and transverse momentum distribu- 
tions of scattered or produced particles change very slowly at high bombarding energies 



5^ , pq] . Thus, also these factors will not introduce a dramatic energy dependence. One 
may therefore conclude that the spectator formation and decay, as observed in the present 
work, persists up to the highest bombarding energies with virtually invariant features. 

4.2 Model calculations 

Model calculations were performed in order to identify possible reasons for the observed 
Zbound universality. The excitation of the primary spectator nucleus as a function of the 
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number of abraded nucleons was studied with the intranuclear-cascade modeL A recent 
version of the ISABEL code by Yariv and Fraenkel with the slow rearrangement option was 



used |56|. Less emphasis was given to the absolute values of the excitation energies, 
which may be overestimated by this model (see next section), than to their systematic 
behavior. 

The obtained results, calculated for collisions of ^^''Au projectiles with different targets, 
reflect the universality seen in the experiment. The slopes of the correlation of the mean 
specific excitation energy (E^/A) with the mass Aq of the primary projectile spectator are 
found to be independent of the bombarding energy and of the mass of the target (fig. |16|, 
note the offsets in Aq). Primary spectators of a given mass seem to always have the same 
invariant excitation energy. Therefore, if the subsequent decay proceeds statistically, the 
same universal fragmentation patterns will be observed in the corresponding regions of 
Zbound- It is further found that the maximum of the specific excitation energy that can be 
reached with a given target depends strongly on the target mass and, less dramatically, 
on the bombarding energy (figs. |16| and Also these features are consistent with the 
experimental observations (section 3.4). 

The fairly weak variation with the bombarding energy may seem somewhat surprising 
since the excitation of A resonances has been suggested to be an efficient means of energy 
dissipation [57-59]. The rate of A production grows rapidly with bombarding energy in 
the range 400 to 1000 MeV per nucleon, as evident from measured pion yields pD] , 



Consequently, the cross sections for the production of spectators with high excitation energy 
may be expected to increase as well. This is only partly confirmed by the calculations. If the 
code is modified, so as to suppress the production of A resonances, the specific excitation 
energies as a function of the impact parameter are only slightly lower, even at the higher 
bombarding energies (fig. |l^). There, however, and, in particular for the lightest targets, 
the heating by A excitation may be important on a quantitative level and may determine 
whether the maximum of fragment production can be observed in a given collision system 
(cf. previous section). We notice that, in contrast to (Ex/A) versus b, the relation (Ex/A) 
versus Aq does not depend on whether A production is included or suppressed in the 
calculations (fig. |16|, right-most panel). It does not respond to this modification of the 
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Figure 16: Results of the intranuclear- cascade calculations: Mean specific excitation 
energy {Ex/ A) as a function of the mass number Aq of the primary spectator for 
the reactions ^'^'^ Au on Be, Al, and Au targets at three bombarding energies E/A = 
400 MeV (left-most panel), 600 MeV (middle-left), and 1000 MeV (middle-right). 
The right-most panel shows the results with and without A production for the case 
of the Al target and for the three incident energies. All curves start at Aq = 197 
and have nearly the same slopes. For the purpose of illustration the following offsets 
were applied: in the first three panels 20 units of Aq for each consecutive target and, 
in the last panel, 10 units of Aq between consecutive lines within a group and 4O 
units between the two groups. 
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Figure 17: Results of the intranuclear-cascade calculations: Mean specific excitation 
energy {Ex/ A) of the primary spectator as a function of the impact parameter b for 
the reactions ^^"^Au on Be, C, and Al targets at four bombarding energies E/A = 
400, 600, 800, and 1000 MeV. The upper (lower) row of panels shows the results 
with (without) A production. 



heating mechanism. As outhned above, it is essentially the invariance of this function 
which is responsible for the observed Z^ound universality. For the case of hadron induced 
reactions, this invariant feature has been known since the early intranuclear-cascade models 
were developed p^ . 

The results of the calculations also exhibit the linear scaling with the projectile mass 
seen in the experiment (section 3.4). The slopes of (Ex/A) versus Aq grow steeper with 
decreasing mass of the projectile but are the same when plotted versus Aq/Ap (fig. |T^). 
This behavior is expected for the purely geometric abrasion. The intranuclear-cascade 
calculations demonstrate that this feature is not altered by the additional mechanisms of 
spectator excitation. 

It is not a priori obvious why the linear scaling with the projectile mass should be 
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Figure 18: Results of intranuclear- cascade calculations: 

Left panel: Mean specific excitation energy (Ex/A) as a function of the mass Aq of 
the primary spectator for the reactions of "^^^ U, ^^"^Au, and ^^^Xe on a Au target at 
E/A = 600 MeV. The calculations were restricted to impact parameters b > 8 fm. 
Right panel: The same correlations plotted as a function of the reduced mass number 
Ao/Ap. 



preserved during the statistical decay. The surface energies play an important role in the 
multi-fragment decays, and the ratio of surface to volume of the decaying system may 
not be unimportant. Calculations within the statistical multifragmentation model show, 
however, that effects of this origin are not significant in the range of projectile masses from 



krypton to uranium (fig. |T9|). The Berlin model in the version implemented in the code 
McFRAG was used. In these calculations the mass Aq and charge Zq were kept fixed 
while E^/A was varied. This ignores the correlation between excitation energy and mass 
of the primary spectator, caused by the primary reaction stage, and results in much larger 
peak multiplicities than experimentally observed. The figure, nevertheless, demonstrates 
that both scaled functions {Zhound) / Zq and {Mjmf) I Zq follow universal curves as a function 
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Figure 19: Results of calculations with the statistical multifragmentation model, 
performed with the code McFRAG JfiS^]: Reduced variables {Z^ound) / (top) and 
{Mimf) / (bottom) as a function of the specific excitation energy E^/A for the 
four cases of excited Kr, Xe, Au, and U nuclei. 



of the specific excitation energy E^/A. Combined with the intranuclear-cascade relation 
between {E^/A) and A^/Ap (fig. ^8|), the model result is compatible with the observed 
dependence on the projectile mass. The top part of fig. [1^, furthermore, illustrates how 
Zbound, according to the model, increasingly deviates from the charge Zq of the produced 
spectator system as its excitation energy increases. 

The link between the first and the later reaction stages is a subject of high current 
activity (see, e.g., P, ^]). This concerns the expansion and equilibration which are 
thought to have occurred prior to the fragment decay described by the statistical multi- 
fragmentation models. Intuitively, one may suspect that the random knockout of nucleons 
from and the injection of nucleons into the primary spectator produce a highly disordered 
system capable of rapidly evolving towards equihbrium. The origin of the Zbound univer- 
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sality may thus be primarily seen in the stochastic nature of the initial cascade process. 



4.3 Energy deposition 

A quantitative knowledge of the energy transfer to the primary spectator is indis- 
pensable for any interpretation of the multi-fragment decay in terms of nuclear-matter 
properties. On the other hand, the transient nature of the excitation and decay processes 
makes it difficult to arrive at a consistent definition of the spectator system and its asso- 



ciated excitation energy. The present situation is summarized in fig. ^ which shows the 
results of six analyses for spectators from ^^"^Au collisions with either Au or Cu targets as a 
function of Zf,ound- The types of analysis are qualitatively different, relying either on model 
calculations, on the experimental results or on both. To permit the comparison in a single 
figure, results calculated as a function of the impact parameter b were converted to the 
Zbound scale by using the derived empirical relations between the two quantities (section 
3.4). 

The highest energy deposits in the spectator system are obtained with the intranuclear- 
cascade model (cf. previous section). They represent the sum of the hole energies left 
behind by nucleons knocked-out from the spectator and of the energies carried by struck 
nucleons captured into the spectator (the threshold parameter was set to 14 MeV). Since the 
evolution of the spectator is ignored these values may be considered as upper limits. Con- 
siderably lower excitation energies were obtained with the Boltzmann-Uehling-Uhlenbeck 
(BUU, 1^) model as reported in ref. P]. There, the spectator was defined and analyzed 
after the system had evolved for a time of 60 to 100 fm/c under the infiuence of the mean 
field. At that time, as it was found for the calculations, most fireball-like nucleons have 
left the reaction zone. 

The lowest estimates of the excitation energy result from the analyses of the earlier 
^^''Au on Cu data at 600 MeV per nucleon performed with the statistical multifrag- 
mentation models [5-7,10,67]. There, in order to reproduce the observed multiplicities and 
charge correlations of intermediate-mass fragments, an ensemble of equilibrated residual 
nuclei was needed which is characterized by a saturation of the excitation energy at about 



36 



600 AMeV Au + Au 




Figure 20: Excitation energy per nucleon E^/A as a function of Zf,ound- The data 
points give the results deduced from summing up the breakup Q values, calculated 
for the observed partitions, and the kinetic energies for the reaction ^^"^Au on ^^"^ylw 
at E/A = 600 MeV. The shaded area and the lines represent the results of the 
analysis by Campi et al. j^J, of the intranuclear- cascade (this work) and the BUU 
calculations /j^, and of the analyses with the Copenhagen and Berlin Qj statistical 
multifragmentation models, all for the reaction ^'^'^ Au on Cu at E/A = 600 MeV. 
When necessary, the impact parameter h was converted into Zbound by using the 
empirical relation obtained for the ^^'^Au on Cu reaction. 



8 MeV per nucleon if the Copenhagen or Moscow models are used [g, g, 0, |6^. With 
the Berlin version of the statistical multifragmentation model a saturation energy as low 
as 6 MeV per nucleon was obtained 0]. The systematic study of the complex correla- 
tion between the observables and the code input parameters has shown, however, that the 
deduced saturation energy depends sensitively on the measured mean fragment multiplic- 
ity The present data, exhibiting slightly higher mean multiplicities, therefore lead to 
excitation energies that may reach up to about 12 MeV per nucleon at small Zhound ^ 



A method to determine the excitation energy from the experimental data alone, with- 
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out relying on a reaction model, was first presented by Campi et al. |72| and applied to 
the earlier ^^^Au + Cu data. After having determined the yields of hydrogen isotopes 
by extrapolating to Z = 1 from the measured abundances for Z > 2, these authors esti- 
mated the energy residing in the breakup Q value and in the kinetic energies of the final 
fragments. The asymptotic value of E^/A = 23 MeV at Zbound = is the sum of the 
binding energy of 8 MeV and the kinetic energy of 15 MeV assigned to nucleons. In the 
same type of analysis with the present data for ^^'^Au + ^^"^Au at 600 MeV per nucleon, 
the measured neutron multiplicities and their kinetic energies in the projectile frame were 
taken into account fl^. Solving the balance equations for energy, mass, and charge with 
this additional information yields a larger number of composite particles, correspondingly 
less free nucleons, and smaller excitation energies. A maximum of E^/A = 15 MeV for 



Zbound < 10 was reported in ref. |jT^. The data points shown in fig. |2^ are the result of a 
new analysis with the same method from which excitation energies up to a maximum of 
17 MeV per nucleon are obtained. The development of this method is still in progress and 
further small changes are not excluded. 

The BUU estimate seems to come closest to the two experimental determinations of the 
available decay energy which fall in between the differing estimates with the intranuclear 
cascade and the statistical multifragmentation models. Assuming that all analyses are 
realistic within their own frameworks, the observed ordering is quite reasonable in the 
sense that the formation of the equilibrated spectator in the primary reaction stages and 
its evolution towards the final breakup stage may be accompanied by the emission of 
fast light particles and thus by a loss of excitation energy. In addition, small collective 
contributions due to rotation or flow will also cause differences between the measured 
energies and those derived from statistical analyses of the exit channel configurations. The 
more recent results obtained with the statistical multifragmentation models narrow this gap 
but still leave room for a substantial preequilibrium stage or a small collective component, 
even though no positive evidence for either one has emerged from the present work. At 
Zbound ~ 40, where the fragment multiplicity reaches its maximum, the experimentally 
determined excitation energies are between 8 and 10 MeV per nucleon, close to the mean 
binding energy of nuclei. 
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5 Conclusion 



The systematic set of data, measured from 400 up to 1000 MeV per nucleon incident 
energy, reveals the universal nature of multi-fragment decays of excited spectator nuclei 
at relativistic energies. It suggests that the correlation of excitation energy and mass of 
the produced spectator systems and the statistical nature of their decay remain virtually 
unchanged over the studied range of bombarding energies. In reactions with the lighter 
targets, specific minimum values of the bombarding energy have to be exceeded in order to 
reach the maximum fragment multiplicities and to achieve a complete disassembly of the 
projectile spectator. The corresponding lower limits are about 400, 800, and 1000 MeV 
per nucleon for collisions of gold projectiles with aluminum, carbon, and beryllium targets, 
respectively. 

The results of calculations with the intranuclear cascade and statistical multifragmen- 
tation models permit a qualitative understanding of the observed universality. The calcu- 
lations as well as comparisons with emulsion data for collisions at higher incident energies 
suggest that the identified production and fragmentation of excited spectator nuclei may 
persist up to very high energies with virtually invariant properties and slowly changing cross 
sections. In the pure abrasion picture, this follows from the mutual connection between 
excitation energy and cross section via their geometric dependence on the impact param- 
eter. The additional mechanism of spectator heating by scattered nucleons or produced 
particles is not expected to significantly modify this picture. 

The observed decoupling from the entrance-channel dynamics strongly suggests that 
the multi-fragment decay of the spectator occurs after it has reached statistical equilib- 
rium. The isotropy in the rest frame of the spectator and the Z dependence of the intrinsic 
fragment momenta indicate that this includes the kinetic degrees of freedom. Statistical 
interpretations were shown to be applicable, and the fragmentation seems to be mainly gov- 
erned by the deposited excitation energy. The fragment multiplicities rise with excitation 
energy until a maximum is reached at about 8 to 10 MeV per nucleon, as experimentally 
determined for reactions with Au projectiles. For the more violent collisions in the regime 
of decreasing fragment multiplicities, the estimates of the energy deposited in the decaying 
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spectator system disagree more widely, thus leaving room for a possibly important role of 
preequilibrium emission. This problem will need further attention if the study of equilib- 
rium properties of nuclear matter is to be extended to these very high excitation energies. 
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